to prey-predator interactions. In a subsequent paper we will consider the responses of parasites and predators to host and prey distributions.
ANALYTICAL MODELS OF INTERFERENCE
One obvious limiting factor for any searching parasite is the time available for search. Those features of parasite behaviour that are known to affect searching efficiency often do so by altering the way in which individual parasites spend this total time available to them. Thus, considering the three responses above, the act of attacking and parasitizing hosts reduces searching time (Holling 1959b ) and therefore must reduce searching efficiency (response 1). Aggregation of parasites in regions of high host density results in the uneven partition of time amongst different sub-areas. This increases the rate at which searching parasites encounter hosts and so potentially increases searching efficiency (response 2). Mutual interference between searching parasites results in a reduction of the time available for search and so must also reduce searching efficiency (response 3).
Both Watt (1959) Published data showing interference are of two types (Hassell 1971a, b; Hassell & Rogers 1972) . The relationship between the log searching efficiency and log parasite density is either approximately linear, even over a number of orders of magnitude (as in Nemeritis canescens (Grav.) and Cryptus inornatus Pratt), or it is curvilinear with increasing negative slope as parasite density rises (as in Dahlbominusfuscipennis (Zett.), Encarsiaformosa Gahan, Chelonus texanus Cress. and Trichogramma evanescens (Oliv.)). An exact linear relationship has been criticized on theoretical grounds by Royama (197 1) and Hassell & May (1973) who argue that there must be a limit to parasite density below which parasite interference is negligible and, therefore, where the searching efficiency becomes independent of parasite density. The examples mentioned above show that the relationship may be either linear or curvilinear over similar ranges of density for different parasite species. Thus, the relationship for Cryptus is linear over the same range of densities as it is curvilinear for both Chelonus and Dahlbominus. Models A and B below show how these different relationships depend on both the rate of encounters between parasites and the reduction in searching time per encounter.
Model A: mutual interference between adults
Interference between parasite adults may have a variety of effects. Whenever parasites respond to each other in any way there is a possibility of interference. Price (1970 Price ( , 1972 has shown that the searching females of several parasite species tend to avoid the trails left by other females (of the same or other species). In other cases encounters between searching females is known to have an effect on the sex ratio of the progeny (Wylie 1965; Viktorov 1968 ). More detailed work on the ichneumonid, Nemeritis canescens, has shown that interference between adults may lead to some parasites leaving a host area for a period of time and either resting or immediately resuming search. Alternatively, parasites may remain in the host area but spend less time actively probing for hosts and more time in resting and walking activities (Hassell 1971 a) . The net effect of these activities is to reduce the available searching time following interference.
It is assumed in this model that a total population of P parasites is present in an area containing hosts and that as a result of interference only P, parasites are searching at any one time. In the first place we assume that interference occurs only between parasite adults which, after encountering each other, temporarily abandon search for a fixed period of time (Tw). After this time (Tw) the parasites resume search. In such a closed system there will be an equilibrium density of searching parasites, this equilibrium being maintained by certain parasites discontinuing search after an encounter with another parasite while others resume search after the effects of an encounter. At the equilibrium (P, parasites searching) the number of encounters per parasite (E) during a short period of time (dt) can be expressed by
where b is the rate of parasite encounters, a constant related to both the speed at which parasites move and the distance at which they react to each other. In this simple model we make the number of parasites (PL) leaving the host area during dt a function of the total number of parasite encounters taking place. Therefore the number (PL) of parasites leaving the host area during dt is obtained from
At the start of dt there are P, parasites searching and therefore (P -P) parasites not searching. If after each encounter a parasite leaves the host area for the time Tw, then the number PR of these that resume search during dt is obtained from
At equilibrium those parasites that leave the host area after interference are replaced by others that are returning to resume search; Let us now represent the searching capacity of a single parasite in the absence of interference as Q. This parameter is the Nicholsonian 'area of discovery' and therefore should not be used in situations in which the parasite does not search at random. When several parasites are present, the proportion of the total hosts encountered by the P, searching parasites must become Q P, and the efficiency (a) of each of the P parasites is now a _QP.
A series of interference relationships derived from this equation (where P, is calculated from 8) is shown in Fig. 1 for different For the purpose of the model we assume (I) that there is no mutual interference between parasite adults; (2) that the parasite can always detect whether or not a host is parasitized; (3) that the detection of each parasitized host leads to a reduction in searching time defined by a constant (TA). In fact few parasites can detect already parasitized hosts so perfectly: certainly they tend to avoid superparasitism only in a proportion of cases. This will have little affect on our argument provided that the proportionate avoidance is constant. As in the previous model there is an equilibrium between the numbers of parasites ceasing to search due to interference and the numbers resuming search after a fixed period of time (TA). This equilibrium, however, depends on the number of hosts parasitized and therefore must change with time during an interaction. In a short period of time (dt) the number of parasites which cease to search (PL) is defined by PL= PS a' NHA dt, 
where N is the host density, NE is the total number of encounters between searching parasites and hosts from the start of the interaction and TH is the handling time (Rogers 1972 ). The iteration begins at time (t = 0) when PS must be equal to P. During each round of the iteration the total encounters between host and parasite up to the end of that round is calculated from NE(t) = NE(t-l)+a' PsN.
Eqn (14) is then solved for NHA and this value is substituted into eqn (13) to find PS for the following round. The iteration proceeds in this way until t is equal to TT, the duration of the interaction. Having completed this iteration, the searching efficiency per parasite is given by
In model A the form of the relationship between searching efficiency and parasite density depends on the time wasted per encounter between parasites (Tw) and the rate at which these encounters occur (b). In model B the situation is more complex. Obviously the form of the relationship will depend on the value of TA, the reduction in searching time after a parasitized host is encountered. This is shown in Fig. 2(a) . But, as interference between searching adults is affected by the rate at which they encounter each other, so the rate of encountering parasitized hosts is a very important parameter in this model. Thus all factors affecting the numbers of hosts parasitized (such as parasite density (P), host density (N), searching efficiency (a') and handling time (TH)) will affect the interference relationship. For example, Fig. 2(b) shows the effect of varying host density in a given model when TA is fixed: searching efficiency declines as host density increases since the number of encounters with parasitized hosts increases. Finally during any round, there may be interference between parasite adults which can have two possible outcomes both leading to periods of non-searching activity (Fig. 3) . The parasite may remain in the host area and re-commence search after TREST rounds or it may leave the host area and re-enter the parasite 'pool' after Tw rounds.
This kind of simulation model has certain special uses. These mainly stem from its great flexibility: almost any feature of parasite searching behaviour may easily be included in a direct way. The model is then used to determine how this behaviour affects the outcome of parasitism and how it may interact with other features of behaviour. For example, if host distribution affects parasite distribution, how does this alter the frequency of interference? Reliance on the model depends on how much is known of the behaviours included and how well the outcome conforms with experimental results.
In the simulations shown below we have fixed the host population at 400, distributed between the fifteen unit areas in the ratios: 3 at 0 1 5; 3 at 0 1; 3 at 0 05; 3 at 0 03; 3 at 0.0. A weak aggregative response was included by increasing to five rounds the time spent searching in a host area following each encounter with a host (i.e. TAGG = 5). Only three parameters were varied. The effects of interference between adults (cf. model A) was simulated by varying Tw', between 0 and 32 rounds, TREST being kept at zero to simplify the interaction. The effects of interference following the detection of a previously parasitized host (cf. model B) was simulated by varying TA' between 0 and 64 rounds. The third parameter to be varied was the handling time (TH) which was equal to either 0 or 10 rounds. The only other parameters to be specified were a coefficient of attack (CA = 0 0005 per round), and a coefficient of encountering other parasites within any particular host unit area (b = 05 per round).
We have expressed the outcome of the simulations in the same way as for the analytical models A and B; by plotting the log of the searching efficiency against the log total parasite density. In this case the calculation of the searching efficiency takes into account the different proportions of hosts that may be encountered in the different unit areas; a n= -E1 N (17) where n is the number of host areas (15), NEi is the number of hosts encountered per unit area, Ni is the host density per unit area and P is the total number of parasites (Hassell & Rogers 1972 ). Fig. 4 shows the outcome of simulations where only Tw is varied (TH and TA' equal zero). The model is, therefore, roughly comparable to model A above except that the parasites have been made to show a weak aggregative response rather than searching at random, (TAGG = 5 rather than TAGG = 0). This difference, however, has almost no effect on the relationship in Fig. 4. Depending on the level of interference, ships vary from one with a constant searching efficiency (when there is no interference), through a series of curved relationships to one which becomes approximately linear when interference is high (Tw, = 32). This pattern is the same as that in Fig. 1 , which thus gives us increased confidence in model A. (The only difference in the outcome when a handling time is included is that, for each parasite density, the searching efficiency is somewhat reduced. There is no effect on the form of the graphs.) Fig. 5 shows the results of simulations where TA' was varied, with handling time and Tw being zero. This is therefore comparable to model B. Again searching efficiency is constant when there is no interference and becomes curvilinear as TA' is increased. The relationships do not tend to become linear when interference is high, and are markedly similar to Fig. 2 . We therefore have increased confidence in model B.
DISCUSSION
The models presented in this paper (models A and B and the simulation model) all indicate that interference is most likely to result in curvilinear relationships between the log searching efficiency and the log number of parasites present. Only if there is strong mutual interference between adult parasites does the relationship tend to become linear. These findings fit in well with observed interference relationships, most of which are curvilinear with only a few being markedly linear over the range of parasite densities tested.
Interference effects in population models The effect of parasite interference is similar to a direct density-dependent mortality acting on the adult parasite population. In the simple two-parameter model of Hassell & Varley (1969) shown in eqn (1), the interference constant (m) affects stability while (Q), which is a measure of searching efficiency in the absence of interference, solely affects the level about which the populations fluctuate (Hassell & May 1973 ). This situation is complicated considerably when using more realistic models such as models A and B, where the interference relationships tend to be curvilinear.
Model A
The form of the interference relationship in model A is determined by two parameters: Tw, the reduction in searching time per parasite encounter; and b, the rate of these encounters per parasite. The level of the interference relationship, however, is solely affected by Q. This is illustrated in Fig. 6(a) where the two relationships were obtained with model A, the only difference being in parasite searching capacity (Q). The values of the remaining parameters (e.g. Tw, b) were common to both models. This difference in level has a marked affect on stability. When searching capacity (Q) is high (0 3) the average densities of host and parasite are reduced. Thus, the model operates largely in the 'flatter' part of the interference curve (i.e. searching efficiency is little affected by parasite density) and the interaction is unstable (Fig. 6b) . When Q is low (0-05) the average parasite density is much higher and interference is now more marked. This interaction is quite stable (Fig. 6c) .
Model B
In contrast to the previous interference models discussed, the interference relationships from model B depend on host as well as parasite density because interference now only occurs when parasitized hosts are encountered. This is shown in Fig. 7 . In host-parasite population models in which both host and parasite densities vary continually there is no simple density-dependent relationship between parasite searching efficiency and either parasite density or host density. Consequently, such population models tend to be unstable at all rates of host increase and irrespective of the value of TA' (the reduction in searching time following an encounter with a parasitized host). each other more frequently than parasites with a low search efficiency. We would, therefore, expect that, as Q increases, so b (and therefore m, the mutual interference constantsee eqn 1) will also increase. To test this idea we have re-examined all published interference relationships described by eqn 1, by plotting the estimated interference constant (m) against the searching efficiency (expressed as Q M2 per parasite per day) (Fig. 8) .
Although the experiments were carried out under very different conditions there is a significant correlation: parasites with higher searching capacity show more interference. The effects of aggregation and interference on searching efficiency All host-parasite and prey-predator models include a description of the searching efficiency of the individual parasite or predator which can be expressed as the rate of encounters with host or prey. We believe that this is one of the most crucial factors of such models because it is obviously of evolutionary significance. For insect parasites, any behaviour of the searching females that increases the rate at which healthy hosts are encountered will tend to become established in the parasite population. Two important aspects of behaviour that affect this rate of encounter are the aggregation of parasites in regions of high host density and any interference between searching individuals. Ideally it is necessary to include both of these behaviours in realistic models.
If parasite individuals spend more of their time in regions of high host density, then the parasite population as a whole becomes more concentrated in such areas. Providing the hosts are healthy, such a strategy leads to a greater production of offspring than any other. However, in many cases parasite aggregation is a response to the absolute number of hosts in the area. This is likely, for example, where there is no distinction between healthy and parasitized hosts or where the parasites show long-range attraction to host pheromones which presumably occurs whether or not the hosts are parasitized (see Hassell & May 1973 , Table 5 , for a list of examples). The disadvantage of such aggregative behaviour is that local increases in the extent of exploitation of the host population will actually decrease the rate at which parasites encounter healthy hosts. Interference between parasites appears to act as a counter-balance to aggregation when such aggregative behaviour tends to become inefficient: this is especially likely at high parasite population densities. We imagine that there will be a dynamic balance between the aggregation of parasite populations in regions of high host density and the increasing amount of interference which is likely to occur in such areas. In other words interference results in a continuous redistribution of the parasite population.
Interference in parasite populations of a single species was originally deduced from the results of laboratory interactions (Watt 1959 
